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Lung transplantation is an increasingly employed treatment for adults with advanced lung disease, with the volume of transplantations doubling since 2005 to nearly 4,000 annual operations worldwide (1, 2) . However, survival after lung transplantation remains poor in comparison with other solid organ transplants, with 1-and 3-year survival rates of 80 and 65%, respectively (2) . The characteristics of lung transplant recipients have changed substantially, with the most robust growth found among patients more than 65 years of age (3) and a shift to interstitial lung disease as the most common indication (2) . Because posttransplantation survival remains limited, determining whether and for which patients transplantation prolongs survival remains an important but controversial task.
Because of the absence of randomized trials, observational data must be used to estimate the survival benefit of lung transplantation, relative to remaining "untransplanted." Single-center and registrybased studies (e.g., United Network for Organ Sharing [UNOS], Eurotransplant, and UK national registries) have arrived at varying and sometimes inconsistent conclusions on the efficacy of lung transplantation in adults (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . These studies are subject to several limitations. With the exceptions of Russo and colleagues (12) and Thabut and colleagues (15) , they have used cohorts from an older era, before implementation of the lung allocation score (LAS), a composite score derived from several patient characteristics that was designed to maximize lung transplant survival benefit (19) .
In addition, almost all previous studies have consistently employed a Cox model to estimate the survival benefit conferred by transplantation. However, there are inherent limitations when this statistical approach is applied to transplantation data. Because acutely ill candidates are more likely to undergo transplantation, survival times on the waiting list are informatively censored. The inclusion of time-varying covariates to address the informative censoring is also problematic for clinical interpretation. Although the lung allocation score itself incorporates an estimate of survival benefit (using inverse probability of censoring weighted estimators to account for dependent censoring from the waiting list), the estimate is limited to benefit over only 1 year, which is insufficient for clinical usefulness.
Therefore, to understand the effect of lung transplantation on survival since implementation of the LAS, and to overcome the potential statistical limitations of the commonly employed Cox model, we leveraged UNOS registry data on 13,040 patients listed for transplantation (9,091 of whom received transplants) and employed novel statistical methods from the causal inference literature to estimate the survival benefit conferred by this procedure. We then examined the impact of patient, donor, and transplant center characteristics on the survival benefit of lung transplantation.
Methods Data Sources, Setting, and Participants
Data were provided by the UNOS registry on all candidates in the United States on the waiting list for lung transplantation between May 4, 2005 (LAS implementation) and September 30, 2011 (n = 15,686). Excluded were those who had received a prior lung or heart-lung transplant (n = 381), were listed for simultaneous organ transplants (n = 288), received an LAS of 0 (indicative of having been listed before May 4, 2005 but with no clinical information provided to compute the LAS after its implementation, and therefore suspended from the waiting list; n = 1,188), were less than 18 years of age at listing (n = 561), or received a noncadaveric transplant (n = 3). We also excluded non-U.S. citizens (n = 224) because the Social Security Death Master File (SSDMF) contains limited data on non-U.S. citizens (see the online supplement) and was used to ascertain the death dates for candidates removed from the waiting list while alive. A total of 13,040 individuals were included in this analysis. A CONSORT diagram is included in the online supplement (Table E1 ). This study was declared exempt by the Duke University Institutional Review Board.
Statistical Methods
Characteristics of the candidates, at registration and at transplantation, and donor characteristics were summarized as medians (25th-75th percentiles) for continuous covariates and frequency (percent) for categorical characteristics. The cumulative incidence of death or of being transplanted while off the waiting list, and graft survival after transplantation, were estimated with a product limit estimator.
To model the survival benefit of lung transplantation, we fit a "structural nested accelerated failure time model" (SNAFTM) (20) (21) (22) (23) , an approach that has been previously applied in a variety of other clinical applications (24-31) but not, to our knowledge, in lung transplantation. A "structural nested model" is a model to compare the distribution of counterfactual residual survival if a patient were to receive a transplanted organ with the survival distribution if the patient did not receive that organ and never received one subsequently.
The structural nested model assumes that if a candidate is on the waiting list, then the probability of this patient dying within t trans days after receiving a transplant is the same as that person dying within h(t trans ) = t wl days had the candidate remained on the waiting list and never received a transplant. The ratio between t trans and t wl represents the relative increase or decrease in survival time if a candidate were transplanted compared with the residual survival had the candidate never received a transplant, given recipient and donor characteristics. We refer to this ratio as the relative survival benefit of transplantation at time t trans . If this ratio is greater than 1, then the transplant results in a survival benefit t trans days after transplantation relative to remaining on the waiting list. The derivative of the function h(t trans ) is commonly referred to as the acceleration factor, which describes the relative rate at which an untransplanted patient "ages" compared with a transplanted patient.
An accelerated failure time model describes or parameterizes how the acceleration factor varies with different covariates. We assumed that the log acceleration factor was linearly related to current LAS, LAS squared, native disease grouping, center volume over the preceding 2 years, recipient age, donor age greater than 55 years, donor smoking status, and difference in height greater than 0 between recipient and donor (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (32) (33) (34) (35) . That is, these factors may moderate the effect of transplantation and increase or decrease the relative survival benefit on the multiplicative scale. LAS squared was included because Russo and colleagues suggested that the net benefit of ORIGINAL RESEARCH transplantation may increase until a certain LAS and then decline (12) .
Most accelerated failure time models assume that an intervention, for example, transplantation, proportionally increases or decreases the residual lifetime of a subject, that is, the relative survival benefit and acceleration factor are constant across time (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . However, transplantation may incur a survival loss shortly after transplantation due to peri-and early postoperative complications but confer a survival benefit in the longer term (5, 10, 13, 17) . As described in the online supplement, to address this possibility, we allowed the acceleration factor to change at 180, 365, and 730 days posttransplantation, which allows for a different early and longterm relative survival benefit.
Follow-up for each subject continued until death, retransplantation, or the study censor date of September 30, 2011. Because we use the SSDMF to ascertain death dates, living participants were not censored when removed from the waiting list.
Parameters in the SNAFTM were estimated by G-estimation (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) , which has been described in the context of lung transplantation by Vock and colleagues (36) . G-estimation appropriately accounts for confounders and, therefore, estimates the causal, as opposed to associational, effect of lung transplantation. As described in the online supplement, this model and estimation approach offers advantages over the Cox proportional hazards model with a time-dependent indicator for transplantation, which leads to a biased estimator of the causal effect of transplantation (37, 38) .
After fitting the model, we computed the relative survival benefit conferred by transplantation at 1, 2, and 3 years for each participant who was transplanted, based on the recipient's and donor's characteristics. The percentage of participants for whom transplantation is expected to result in a survival benefit (i.e., an estimated relative survival benefit greater than 1) at 1, 2, and 3 years was reported overall and by strata of recipient and donor characteristics. Tables 1 and 2 (additional characteristics are given in Table E2 ). The majority of those listed and undergoing transplantation had restrictive lung disease, primarily interstitial lung disease. The median LAS at listing was 35.4 (25th-75th percentiles, 32.6-41.5) and was 38.9 (34.3-47.5) at transplantation. Approximately two-thirds of transplantation procedures were bilateral.
Overall Results
The estimated relative survival benefit of transplantation and the effect of donor and recipient characteristics on the survival benefit are given in Table 3 and Figure 1 . Because we assume that the survival benefit is modified by recipient and donor characteristics, we first report the effect of transplantation at the median (continuous variables) or most frequent (categorical variables) recipient and donor characteristics. At the average value of the recipient and donor characteristics, the relative survival benefit of transplantation within the first 180 days after surgery was 1.11 (95% confidence interval [CI], 0.90-1.38), indicating no survival benefit conferred over the first 6 months posttransplantation.
Long term, the relative survival benefit was 1.59 (95% CI, 1.43-1.78), 1.93 (95% CI, 1.82-2.05), and 2.23 (95% CI, 2.13-2.33) at 1, 2, and 3 years posttransplantation. These results indicate that a candidate undergoing lung transplantation in the United States with typical characteristics would have the same probability of dying within 1, 2, and 3 years after transplantation as in 0.63 (i.e., 1/1.59), 1.03 (i.e., 2/1.93), and 1.34 (i.e., 3/2.23) years, respectively, if he or she had never received a transplant.
Individual recipient and donor characteristics significantly moderated the relative survival benefit of transplantation (P for group test, ,0.001). Indeed, among all participants undergoing transplantation, 35.6, 26.2, and 18.1% did not have an expected a 1-, 2-, and 3-year survival benefit. We, therefore, sought to estimate the degree to which specific recipient, donor, and transplant center characteristics lead to individual differences in the relative survival benefit (Figure 1 ).
LAS at Transplantation
The LAS at transplantation (LAS-T) significantly modified the survival benefit of transplantation (P , 0.001 for both LAS-T and LAS-T squared) ( Table 3) . After controlling for other characteristics, the relative survival benefit of transplantation increased by 59.4% (95% CI, 50.2-69.1%) and 45.1% (95% CI, 41.0-49.2%) as LAS-T increases from 30 to 35 and from 50 to 55, respectively. Although the effect of a 1-unit change in LAS-T on the relative survival benefit did attenuate with increasing LAS-T (P for quadratic term , 0.001), over the range of LAS-T values, increasing LAS-T conferred an increasing relative survival benefit; that is, there was no threshold score above which increasing LAS-T was associated with decreased relative survival benefit (Figures 1 and 2 ). Figure 1 demonstrates that holding other ORIGINAL RESEARCH characteristics constant, the 2-year relative survival benefit of transplantation changes dramatically over the range of typical LAS-T, especially in comparison with the change in relative survival benefit due to other factors. Table 4 shows the percentage of transplant recipients who were estimated to have a 1-, 2-, and 3-year expected survival benefit, stratified by recipient and donor characteristics. Among those with an LAS-T less than 32.5 and between 32.5 and 34.9, only 6.8 and 36.7% of patients, respectively, could be expected to have a 2-year relative survival benefit. With increasing LAS strata, the proportion of transplant recipients with no expected survival benefit over the first 3 years decreases, and for almost all transplant recipients with an LAS-T greater than 40, transplantation confers an expected survival benefit. Figure 2 plots the estimated cumulative incidence of death for transplanted study participants after transplantation, and for patients who had never been transplanted, separated by LAS strata. There was a strong relationship between LAS-T and survival benefit: patients with an LAS-T of 32.5 or less were more likely to die if transplanted than if not transplanted, even over the long term.
Patients with an LAS-T between 32.5 and 35 were more likely to die if transplanted, at least over the first 2 years of follow-up. In contrast, patients with an LAS-T of at least 35 were less likely to die if transplanted at any point during long-term follow-up, a pattern that held even for patients with very high LAS-T scores, between 50 and 100.
Native Lung Disease
The difference in the relative survival benefit among the various native disease groupings (at the mean age for recipients in those groupings but holding other factors constant) was borderline significant (P = 0.062 for group test), with those with obstructive lung disease (such as chronic obstructive pulmonary disease) showing the worst and those with cystic fibrosis demonstrating the greatest relative survival benefit (P = 0.014 for pairwise comparison). Specifically, the relative survival benefit of transplantation was estimated to be 54.4% greater (95% CI, 9.6-117.6%) for those with cystic fibrosis compared with those with obstructive lung disease. The proportion of transplant recipients with a 2-year expected survival benefit varied between 39.2% for those with obstructive lung disease and 98.9% for those with cystic native diseases. These differences were due not only to the independent effect of native disease, but also to differences in average LAS-T among the native disease groupings (Table 4) . Tables E4a-E4c give the percentage of transplant recipients who were estimated to have a 1-, 2-, and 3-year expected survival benefit, stratified by recipient and donor characteristics among native disease grouping.
Other Characteristics
There were small but statistically significant differences in relative survival benefit by transplant type, recipient age, donor age, donor smoking status, center volume, and difference in height between donor and recipient (Table 3) . For example, the relative survival benefit of transplantation was estimated to be 13.4% greater (95% CI, 5.4-22.0%) for those receiving a bilateral transplant. In addition, an increase in center volume of 30 lung transplants over 2 years is associated with an increase of 19.9% (95% CI, 7.1-34.3%) in the relative survival benefit. Transplantation with lungs from donors under age 55 years and donors without a history of smoking showed similar increases in the relative survival Definition of abbreviations: CI = confidence interval; LAS = lung allocation score. *We centered or set the reference level for the continuous covariates at the median levels and the categorical covariates at the most frequent level given in Tables 1 and 2 . Therefore, the intercept terms are the logarithm of the acceleration factor for this reference level of the covariates. Note that the acceleration factor (and, hence, the relative survival benefit of transplantation) is allowed to vary over time. The relative survival benefit at 6 months, 1 year, 2 years, and Each of these covariates is the modifying effect of that covariate on the relative survival benefit of transplantation. The interpretation of the parameter estimates for these covariates is that a 1-unit increase in the covariates changes the relative survival benefit by a factor of exp(Estimate).
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benefit, 17.9% (95% CI, 4.1-33.5%) and 10.5% (95% CI, 0.73-21.3%), respectively.
Discussion
A comprehensive understanding of the survival benefit of lung transplantation and how that benefit varies by recipient characteristics is imperative to inform recipient selection, to justify the intensive health care resources allocated to this treatment, and to achieve an equitable allocation of donor lungs. The analysis presented here demonstrates that the majority of U.S. lung transplant recipients since the implementation of the LAS were estimated to have a survival benefit at 2 and 3 years (73.8 and 81.9%, respectively). However, the survival benefit varied substantially by LAS at the time of transplantation, with little survival benefit for patients who are transplanted at an LAS below 35 . It has been suggested that the LAS system may encourage patients who have clinically deteriorated to undergo transplantation even though it would be futile (12) . However, we found that among patients who remain active on the waiting list, there is no upper limit for the LAS such that transplantation becomes futile. Our results reinforce the notion that lung transplantation should be considered an appropriate treatment option for patients with most advanced lung diseases, and is expected to confer survival benefit in appropriately selected patients. Our analysis, which directly models those factors that modify the effect of transplantation, helps to contextualize prior conflicting results on survival benefit and addresses the key limitations of these findings. Although we did find that, after adjusting for recipient and donor characteristics, native disease moderates the survival benefit conferred by lung transplantation, differences in LAS-T led to the largest differences. For example, patients with obstructive lung disease not only experience a lesser survival benefit compared with others at constant LAS-T, those patients typically have lower LAS-T (median, 33.7). Therefore, a slight majority of patients with obstructive lung disease do not experience an expected survival benefit at 2 years. Variability in the average patient acuity in previous study cohorts, typically drawn from only a single or small number of centers, may explain some of the discrepancy between prior studies (4, 5, 8, 13, 14, 18) .
Our results are also consistent with two prior studies that showed only the most severely ill patients with obstructive disease experience a survival benefit (9, 39) . In fact, our data suggest that LAS may be a useful surrogate for expected survival benefit of lung transplantation, with other characteristics such as native disease providing further refinement to the expected benefit for individual patients.
In contrast to patients with obstructive native lung disease, patients with restrictive native lung disease have a median LAS-T of 44.7; therefore, transplantation confers a survival benefit for the vast majority of those patients, consistent with previous findings (4, 8, 16, 18) . Unlike the findings of Liou Relative survival benefit, varying recipient and donor factors. Estimated relative survival benefit at 2 years by changing a single recipient and donor factor from the reference level of the recipient and donor factors (bilateral transplant; restrictive native lung disease; LAS-T = 38.7; recipient age, 58 yr; donor age, ,55 yr; donor smoking history, ,20 pack-years; height difference [i.e., recipient height 2 donor height], ,0 cm). For example, a 2-year relative survival benefit of 1.5 indicates that a person receiving a transplant with the given recipient and donor characteristics would have the same probability of dying within 2 years posttransplantation as in 2/1.5 = 1.33 years if never transplanted. A relative survival benefit greater than 1 indicates that for those recipient and donor characteristics transplantation confers a 2-year survival benefit relative to remaining untransplanted on the waiting list. Diff = difference; LAS-T = lung allocation score at transplantation; LTx = lung transplantation.
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and colleagues (10, 11), we found that lung transplantation confers a 2-year expected survival benefit for more than 99% of patients with cystic native diseases (median LAS-T, 40.3). The study by Liou and colleagues included a historically older cohort with worse transplantation outcomes and preceded the implementation of the LAS. The current findings are similar to the conclusions of other research groups, including a more recent analysis by Thabut and colleagues (4, 5, 7-9, 15, 18) . Therefore, there should be no reservations about pursuing lung transplantation for appropriately selected patients with cystic fibrosis.
Previous research has demonstrated that patients transplanted at high-volume centers have better posttransplantation survival (34, 35) . We have demonstrated that patients listed at high-volume centers have significantly greater relative survival benefit conferred by transplantation than those listed at small-volume centers. The effect of an increase of 30 transplants in the 2-year center volume is similar to the increase in benefit seen from transplants using a younger donor or donor without smoking history.
Because the 2-year relative survival benefit estimate depends on all recipient and donor characteristics considered in this analysis, no simple criterion perfectly classifies whether or not a transplant is predicted to confer a 2-year survival benefit for a particular patient. However, specific combinations of characteristics can identify substantial populations that would not be expected to benefit. On the basis of our model, no patients transplanted with obstructive lung disease, and with an LAS-T less than 35 and at a center with an annual volume less than 25 transplants, could expect a 2-year survival benefit. Unfortunately, more than 8% of donor lungs were transplanted in this group. Scrutiny of potential transplant candidates with these characteristics could help prevent exposing such patients to the risks of transplantation without expected benefit, and increase the availability of donor organs for patients with expected survival benefit. In addition, further research on improving outcomes in low-volume centers is warranted.
We are the first to use an SNAFTM estimated by G-estimation to assess the survival benefit of lung transplantation. These models have been used to evaluate the causal effect of a time-varying treatment in the presence of time-varying confounding for a variety of applications (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . As noted by Kotloff Transplanted Non−Transplanted Figure 2 . Cumulative incidence of death posttransplantation compared with the waiting list. Shown is the estimated cumulative incidence of death after transplantation (solid blue line) and had the candidates never been transplanted (red dashed line) among the 9,091 study participants who were transplanted. LAS = lung allocation score; Tx = transplantation.
benefit of lung transplantation either by fitting a Cox model with a time-varying covariate for transplantation or by fitting separate models for the posttransplantation and waitlist survival, where follow-up is censored at the time of transplantation. These methods, unlike our approach, assume that the likelihood and timing of transplantation are independent of prognosis (i.e., the risk of death on the waiting list), an untenable assumption due to the use of the LAS to prioritize organ allocation. Because patients with worse waitlist prognosis have a higher likelihood of receiving a donor lung, such an assumption will generally underestimate the waitlist mortality and, consequently, underestimate the survival benefit of transplantation (as described in detail in the online supplement). Our approach also avoids the difficulty in interpretation of time-varying covariates in Cox models in the context of transplantation. For example, if LAS were included as a time-varying factor in a Cox model, this would estimate the effect of transplantation compared with a group that was not transplanted and for whom LAS remained constant, an unrealistic comparator group. Other methods to overcome the challenges of dependent censoring within the context of organ transplantation, including using inverse probability of censoring-weighted (IPCW) pseudo-observations and multiple imputation, have been discussed (40, 41) . These methods may allow for other models of the survival benefit to be fit, although IPCW methods tend to work well over shorter follow-up (e.g., 1 yr), when the weights are more reasonable in magnitude.
Limitations
Although this work brings a novel approach to determine the survival benefit of lung transplantation, there are limitations to our analysis. First, despite using a different statistical analysis that provides a novel and robust approach to estimate net transplantation benefit, there remain inherent limitations to the data set, and the potential for bias due to failure to adjust for important confounders always exists. Our conclusions are relevant only to those patients listed for lung transplantation in the United States and not necessarily the global population of patients with advanced lung disease. External validation of our findings, ideally using additional prospective UNOS data or cohorts of patients from different parts of the world, is needed. Furthermore, the purpose of this article was to estimate the survival benefit of lung transplantation among those currently listed for transplantation and is likely not applicable for those never listed or once a patient is delisted.
Second, our analysis focuses on the survival benefit of transplantation; it does not address other important outcomes such as quality of life (QOL), improvements in which have been demonstrated in previous analyses of lung transplantation (42) (43) (44) (45) (46) (47) (48) . Other end points including composite end points of survival, QOL, and cost could change our interpretation of the relative benefit of transplantation. Importantly, the QOL benefit conferred by transplantation might justify transplantation for certain recipients in the absence of a clear survival benefit, particularly those with chronic obstructive pulmonary disease. Third, our model is based on data selfreported by transplant centers, which may be subject to misclassification and measurement error. However, the goal of the analysis is to assess how certain recipient and donor characteristics, as measured by and reported to transplant centers, moderate the effect of transplantation, and therefore statistical methods for measurement error were not used. Finally, updates have been made to the LAS since the data set for this analysis was generated (e.g., addition of some hemodynamic and laboratory values); although these changes would be likely to introduce only subtle if any differences in our results, it will be important to confirm our findings using the most recent iteration of the LAS.
Conclusions
We have applied novel statistical methods to a modern national registry to define the survival benefit of lung transplantation, given recipient and donor characteristics. Our analysis has demonstrated that the Definition of abbreviation: LAS = lung allocation score. *The proportion of the 9,091 transplanted study participants for whom transplantation was estimated to result in an expected survival benefit at 1, 2, and 3 years by strata of recipient and donor characteristics. 
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